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ABSTRACT
An approach is explored for modernizing the determination of bulk density of compacted asphalt
specimens. It is based on calculating the bulk volume of the specimen in a three-dimensional
model reconstructed from its images. The paper presents the basics of image-based modeling,
founded upon the science of photogrammetry and computer vision. Next, a demonstrative
application is described, in which a field core is photographed from many viewpoints with a
consumer grade camera, and the images are combined into a sparse point cloud. This cloud is
subsequently ‘meshed’ with planar polygons into a closed 3D shape and its volume calculated. It
was found that the model-core volume was very close to that measured with a traditional liquid-
displacement approach. It was also found that while the volume was relatively insensitive to the
quantity and quality of the images used for the reconstruction, the computational time varied
significantly from minutes to hours. Based on the favorable findings of this limited application,
the approach is deemed promising and viable, worthy of more in-depth examination.
1. INTRODUCTION
Pavement projects are typically accompanied by tests for measuring the bulk density of
compacted asphalt specimens that are either laboratory-molded or cored from the field
[1]. These densities are needed during mix design to assess volumetric properties and
serve as basis for selecting the design binder content; they are also needed during
construction as a primary tool, alongside thicknesses, for quality control activities.
Formally, the concept of ‘density’ is defined for a point in a continuous medium and
calculated as the ratio of mass to volume of an infinitesimally small element
encapsulating the point of interest. Asphaltic mixtures are heterogeneous materials,
composed of aggregates of a range of sizes, asphalt binder, and air voids (pores). For
these materials, the ‘bulk density’ is of engineering significance and not the ‘density’ as
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defined above. The difference between the two resides in limiting the size of the
encapsulating element. For bulk density, the element size cannot be infinitesimally
small; it must be large enough to allow statistical representation of the different mix
phases. The calculation formula is as follows:
(1)
where ρ is the bulk density of the medium at the calculation point with units of mass
over volume; x is a position vector with respect to a given coordinate system that
identifies the location of the calculation point, ∆V is the bulk volume of the element
encapsulating the point, and ∆M is the mass of the material inside ∆V. As explicitly
shown, ρ depends not only on the position vector x but also on ∆V [2–5]. In general
terms, the minimum size scale of ∆V for asphaltic materials is about three to four times
the size of the maximum aggregate in the mix [6–8].
In the pavement engineering community, Equation (1) is typically employed
assuming the bulk volume is representative. The single most accepted measurement
approach of ∆V is the saturated-surface dry method in ASTM D2726 [9] where it is
indirectly obtained by measuring the weight of the specimen while suspended in water.
Especially for irregular shapes, this liquid-displacement approach is a workable method
[10]. However, if the specimen includes large interconnecting pores, the saturated-
surface dry condition cannot be achieved; in this case the specimen must be
encapsulated in an impermeable ‘membrane’ closely conforming to its surface before
immersion. For this purpose, the use of a plastic paraffin film is specified by ASTM
D1188 [11]. A relatively newer approach calls for vacuum-sealing the specimen inside
a (disposable) plastic bag; the procedure is described in ASTM D6752 [12].
Referring to Equation (1), the bulk density may be regarded as a random variable
because both ∆M and ∆V are measured entities that contain error. Assuming they are
independent of each other, the error propagation law [13] establishes the following
relationship:
(2)
where σρ is the standard deviation of the bulk density, σ∆M is the standard deviation of
the mass of the specimen, and σ∆V is the standard deviation associated with the bulk
volume. The partial derivatives are computed from Equation (1): ∂ρ/∂∆M = ∆V −1 and
∂ρ/∂∆V = –∆M∆V −2.
From Equation (2) it is possible to evaluate the present uncertainty level associated
with bulk volume measurements. The accepted standard deviation for the bulk density
is σρ = 0.0124 g/cm3 [9]. Also, the specimen mass is typically measured with a Class
GP2 digital balance [14], characterized by a measurement precision of σ∆M = 1 g, equal
to the last resolvable digit. Therefore, as an example, if a given asphalt specimen has a
bulk density of ρ = 2.400 g/cm3 and is cylindrical in shape with a 10 cm diameter and 
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a thickness of 6 cm (i.e., ∆V ≈ 470 cm3 and ∆M ≈ 1128 g), the standard deviation of the
bulk volume is σ∆V = 2.4 cm3.
It is the aim of this study to explore the potential of a modern approach to measure
bulk volume within the currently accepted precision level (or better). The approach is
based on 3D shape reconstruction from photographs [15]; the basic idea is to image the
specimen from different angles using a consumer grade digital camera [16] and generate
a point cloud representation of the external surface from which ∆V can be calculated.
Although computationally intensive, this method is less cumbersome compared to the
liquid-displacement approach, never requires encapsulation in a membrane, and is less
prone to operator error. As opposed to laser scanning [17], the use of digital
photography for bulk volume determination is potentially cheaper, does not require
painting of the specimens, and can provide additional information regarding gradation
similar to [18]. The paper presents the early steps taken in this direction; it covers the
basics of 3D image-based modeling and describes the experience and insight gained
from an initial application.
2. THEORETICAL BACKGROUND
Image modeling deals with reconstructing the 3D geometry of objects from (2D)
photographic snapshots. The basic mathematical formulation that drives image-based
modeling can be explained using Figure 1. The figure shows an object to be modeled
(displayed as a cylinder) and a ‘floating’ rectangle representing the image-plane of an
idealized pinhole camera. Two Cartesian coordinate systems can be seen, the object-
space system X = [X, Y, Z] and the camera system x = [x, y, z]. The optical axis of the
camera is perpendicular to the image-plane; it passes through the perspective center
located at point C and intersects the image-plane at PP - the principal point. The
distance from C to PP is the focal length (denoted as f ). The image-plane is divided into
four identical parts by two so-called fiducial lines; the crossing point of these lines is
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Figure 1. Illustration of the collinearity relation; a light ray (dash-dot line) travels
from P in the object-space to the camera perspective center C,
intersecting the image-plane at p
identified as the fiducial center (FC). Ideally, points PP and FC should overlap, as
shown in the figure. The origin of the camera coordinate system is located at the
perspective center C such that the z-axis coincides with optical axis and the other two
axes are (respectively) parallel to the fiducial lines. The coordinates of the perspective
center are XC = [XC , YC , ZC].
When light hits an arbitrary point P on the object surface, with coordinates XP = [XP,
YP, ZP], a single ray, displayed in the figure by a dash-dot line, reaches the camera
perspective center. On the image-plane, point P appears as point p. With respect to the
camera coordinate system, point p is located at xp = [xp, yp, − f ]. The collinearity that
exits between P in the object-space, p on the image-plane, and point C is expressed as
follows:
(3)
in which R is a 3 × 3 rotation matrix relating (nonlinearly) the camera system to the
object system with three independent rotation angles, and λp is a scale factor that varies
among points; x0 and y0 represent small offsets that can realistically occur between FC
and PP.
As means to eliminate the scale factor from Equation (3), the first and second rows
are divided by the third, resulting in the collinearity Equations [19]:
(4)
with rij (i, j = 1..3) representing the components of R. As can be seen, the sought after
object-space coordinates of point P (i.e., XP, YP, and ZP) are given in terms of six
‘exterior’ orientation parameters and three ‘interior’ orientation parameters. The exterior
parameters refer to the spatial position of the perspective center XC and to the angular
orientation of the camera as expressed by R. The interior parameters refer to the principal
point location x0 and y0), and to the focal length ( f ).
Even when all nine exterior and interior parameters are given, because there are only
two available expressions in Equation (4), resolving XP requires processing one more
image that includes the point P, but taken from a different point of view. In this case,
the additional image provides two more expressions, and the system becomes over
determined. The resulting system of four equations with three unknowns is usually
solved with a least squares technique. If more than two images are available, displaying
P from many points of view, an opportunity presents itself to further improve the
solution of XP.
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In effect, use of the collinearity equations is extremely flexible, and allows any
variable to take the role of observable, known, or unknown. For example, given some
ground control information, i.e., points with known coordinates in object-space, the
exterior parameters can be computed. In this case the most accurate calculation method
is called ‘bundle block adjustment’ [20] which entails linearizing the collinear equations
using a Taylor’s series expansion, and employing a least squares solution method. The
bundle adjustment can be further compounded to include (also) the interior parameters
as unknowns. This latter problem, applied in the current study, is also solvable, but
demands the incorporation of nonlinear optimization techniques.
3. EXPLORATORY APPLICATION
An asphalt core, randomly extracted from a field project, was chosen for modeling. The
specimen was roughly cylindrical in shape, with a 10 cm diameter and a height of
approximately 5.5 cm (i.e., lift thickness). It was part of a relatively porous surface
(friction) course, composed of both basalt and limestone aggregates. Figure 2 provides
a snapshot of the core displaying the texture depth of the top plane (in contact with the
tires) and a portion of the cut surface. The underside was saw-cut to separate the core
from the underlying asphalt lift (not shown in the figure).
3.1. Image Acquisition
The specimen was imaged in a professional photographic studio. It was placed on a
table in front of a seamless and textureless off-white background. A Nikon model D300
digital camera was used for imaging, characterized by a senor size of 4288 × 2848 pixels,
and equipped with a 18–105 mm f/3.5–5.6 Nikkor lens. While this camera offers
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Figure 2. General view of the chosen asphalt core for modeling
automatic control over aperture and shutter operations, for this application it was
operated in semi-manual mode with a prefixed aperture opening allowing only for the
shutter speed to be automatically adjusted. The smallest aperture possible was selected
for the chosen zoom level in order to increase the ‘depth of field’ and achieve better
overall sharpness. Consequently, shutter speeds were relatively slow providing longer
exposures. To annul any blurring effect due to movements, the camera was stabilized on
a tripod.
First, a set of 8 specimen images were shot from different angles, displaying the
core alongside a black and white checkered pattern. This pattern serves as a reference
‘grid’ of points with a known (object-space) coordinates; it was prepared with a
consumer grade laser printer (HP LaserJet P1505). The optical configuration of the
camera was kept constant for acquiring this set of images (i.e., stable focal length).
Next, the location of the tripod was fixed, placing the camera somewhat higher than
the table, and aiming slightly down towards the specimen. In this configuration 
20 images were taken. In between the exposures, the core was manually rotated
around its center about 10–20 degrees at a time. Subsequently, when a full circle was
completed, the core was turned over, and an additional set of 21 images was acquired
following the same routine. Again, the optical configuration of the camera was
unchanged for this latter set of 41 images.
The described image acquisition strategy is shown schematically in Figure 3. A
portion of the resulting images is displayed in Figure 4. There are 5 rows of 8 images
each in this figure. The first image set, containing both the specimen and the reference
grid, are shown in the top row (Img9001 to Img9008). The second set, containing only
the specimen with its top exposed, is given by Img9009 to Img9030. The final set,
containing the overturned core, is numbered Img9031 to Img9049 (final nine images not
shown).
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Figure 3. Schematic view of the image acquisition strategy; camera is static while
specimen is rotated around its center
3.2. Image Modeling
Modeling of the acquired images was performed in several sequential steps. First, a
number of control points from the checkered pattern were manually selected and
assigned coordinate values. This is shown as an example in Figure 5 (for Img9004),
where the little flags indicate the user-selected reference points. Next, image matching
International Journal of Transportation Science and Technology · vol. 2 · no. 1 · 2013 7
Img 9001
Img 9009
Img 9017 Img 9018 Img 9019 Img 9020 Img 9021 Img 9022 Img 9023 Img 9024
Img 9025 Img 9026 Img 9027 Img 9028 Img 9029 Img 9030 Img 90331 Img 90332
Img 9033 Img 9034 Img 9035 Img 9036 Img 9037 Img 9038 Img 9039 Img 9040
Img 9010 Img 9011 Img 9012 Img 9013 Img 9014 Img 9015 Img 9016
Img 9002 Img 9003 Img 9004 Img 9005 Img 9006 Img 9007 Img 9008
Figure 4. Display of partial series of acquired core images
Point 4
Point 6
Point 1
Point 7
Point 5 
Point 9 Point 3 
Point 8 
Point 2 
Figure 5. Image containing the core alongside a reference grid; user-selected points
are flagged
was performed across the photos to establish correspondence, i.e., ‘key-points’ were
detected across images that were stable under viewpoint and lighting variations. For this
purpose, an approach similar to Scale Invariant Feature Transform (SIFT) was applied
[21]. SIFT operates by transforming an image into a large collection of feature vectors;
the key-points are those with dominant SIFT descriptors. It is in this respect that the
distinctive texture and contrast of colors naturally appearing on the core sides assist the
identification of many such key-points. The use of a seamless and textureless
background is also helpful as opposed to a cluttered background that is known to
instigate false matches. Then after, a self-calibrating bundle adjustment algorithm was
applied to simultaneously optimize both the exterior parameters for each image (i.e.,
camera position and inclination) and the interior parameters of the camera. Additional
lens distortion corrections were also applied in this step [22].
Subsequently, a sparse point cloud describing the specimen was acquired in object-
space coordinates. From this point cloud the surface geometry of the core was
reconstructed under the assumption it is a closed 3D shape that does not contain through
(side to side) holes. Eventually, the point cloud was ‘meshed’ with planar polygons
(mostly triangles). Finally, the volume of the modeled body was calculated as the
algebraic sum of the volumes of many pyramids with a common apex. The polygons
describing the body contour served as bases of the pyramids and an arbitrary point
centered inside the body served as the common apex.
All of the abovementioned calculation steps were performed with a software package
called PhotoScan (by Agisoft LLC). Along with its computational capabilities, the
program offers a convenient user interface for performing a masking procedure to
ensure that only the object of interest is analyzed. Additionally, for building the
geometry, the software allows for a reduction in image quality as means to save
calculation time. Other programs that could potentially apply here include:
PhotoModeler (Eos Systems), 3DSOM, insight3d (open source), Strata Photo 3D,
iModeller 3D, Canoma, ImageModeler (Autodesk), Scanetica (freeware), and
ShapeCapture (ShapeQuest inc.).
To visually demonstrate the calculation process, the following figures present
selected screenshots. In Figure 6, the resolved exterior orientations are graphically
illustrated on the left side. The specimen is shown floating in the center encapsulated
by a transparent box. Alongside the object (to the right), the reference grid with flags
can be seen. The location and orientation of the image-planes is shown using solid
rectangles hovering above and below the object. The different colors indicate different
interior parameters; allowing easy distinction between the first set of 8 images (taken
with the reference grid) and all other images. The later set of images was diluted for
clarity when creating this figure; it therefore includes 20 exposures out of the 41
available. On the right hand side of Figure 6, the reconstructed point cloud is presented.
Most of the points are seen to be part of the core, while others are part of the reference
grid and need to be masked manually before meshing.
In Figure 7 a solid model of the meshed core is shown on the left side. It can be seen
how detailed the surface irregularities appear. A close up view of the underlying mesh
triangulation is provided on the right hand side. Figure 8 offers two views of the
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modeled core after superimposing texture from the images onto the 3D mesh. Both
views demonstrate the high level geometric reproducibility combined with photo-
realism that was achieved in this exploratory study.
3.3. Analysis
The bulk volume of the reconstructed core was examined under several scenarios to
gain some intuition regarding the sensitivity of the estimated volume to the modeling
process. The scenarios differed by the number of images used for the modeling (either
all or half) and by the resolution level; the latter was decreased artificially relative to the
International Journal of Transportation Science and Technology · vol. 2 · no. 1 · 2013 9
Figure 6. Illustration of camera positions during exposure (left), and reconstructed
point cloud (right)
Figure 7. Solid model of the specimen (left), and magnified view of the
triangulation (right)
original by either a factor of 4 or 8. However, the first set of eight images, containing
the control points, was used with pristine resolution across all scenarios to compute the
interior parameters.
The calculated volumes fluctuated within a relatively narrow range: 426.8 ± 0.4 cm3.
In general terms, the low end was approached when using more images or employing
higher resolution levels (or both). Conversely, slightly larger volumes were calculated
when modeling from less images or employing lower native resolution levels. This
tendency may be explained by the fact that more accurate modeling, i.e., more images
and higher resolution levels, generate intricate surface details that are otherwise
concealed. In this connection it should be noted that the computational time (Core i7-
2600, 3.4GHz, 8GB RAM + NVIDIA GeForce GT430) varied significantly, from 10
minutes when using reduced resolution and half the images, up to more than 10 hours
when all originals were employed.
For comparison, the specimen’s volume was measured according to the automatic
vacuum sealing method [12] using the CoreLok device; the resulting bulk volume was
431.0 cm3 with an estimated standard deviation of σ∆V = 2.4cm3 (refer to the
Introduction section). Based on ASTM C670 [23], an acceptable range of two bulk
volume results measured with the device is 2.8σ∆V or ± 6.7cm3. In this respect the bulk
volume obtained from image-based modeling is deemed acceptable. It is important to
note that there is no reference method to determine the bias in the bulk volume
measurement.
4. SUMMARY AND REMARKS
The impetus for this study was the desire to modernize the determination of bulk
volume of compacted asphaltic specimens, which to this day is routinely performed
10 Determination of Bulk Volume of Asphalt Specimens with Image-based Modeling
Figure 8. Textured reconstructed core model: top view (left) and bottom view
(right)
with a liquid-displacement method (with or without an impermeable coating). The
approach explored was based on 3D image modeling, a process of creating three
dimensional models from a collection of input images. This technique has recently
become the preferred tool for many applications (aside from mapping) such as:
cultural heritage digital archiving [24], architecture [25], and photo tourism [26].
Compared with laser scanning, it is considered more complete, economical, portable,
and flexible [15].
A randomly selected core specimen was photographed from different view-points
using a non-metric consumer grade digital camera. In most of the images the specimen
was placed in front of a seamless and monotone background; selected few photographs
contained, in addition to the specimen, a reference grid of points to introduce physical
scale into the model and support camera calibration. The series of acquired images was
analyzed by a combination of machine vision techniques and photogrammetry
principles. In essence, the process began with automatic extraction of key-points, and
sequentially matching them across photos. Then, camera parameters and 3D
coordinates of the matched points were computed using a so-called ‘bundle adjustment’
algorithm. This procedure resulted in the 3D models shown in Figures 7 and 8. The
calculated bulk volume of the model-specimen was very close to the volume measured
by a traditional approach: 426.8 cm3 vs. 431.0 cm3 (respectively). The resulting gap of
3.2 cm3 is deemed narrow considering that the current standard deviation of the bulk
volume is about 2.4 cm3.
Based on the favorable experience gained from this exploratory investigation, it
seems worthwhile to pursue the approach further. First, there is a need to repeat the
investigation with many specimens, and carry out a proper method-comparison analysis.
Additionally, some open questions that arose in this investigation should be addressed:
(i) for a given (preselected) number of images, what optimal viewpoints should be
chosen? (ii) should a flat 2D test field be employed for camera calibration or is it
preferable to employ a 3D reference grid? (iii) what are the optimal camera
configuration attributes (e.g., type, lens, resolution, etc.)? (iv) what should be the
strategy for minimizing user intervention in the calculation process? (v) how will the
methodology perform with Marshall and gyratory pills that do not have feature-rich
surfaces similar to cut cores?
Once the aforementioned set of open questions is addressed, it is envisioned that this
approach could be ultimately developed into a volume measurement device that is fast,
requires minimal operator involvement, and provides better precision compared to the
current liquid-displacement methods.
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